Raman spectra of BHaCO and BDaCO have been obtained for the liquid state at -80°C, and a complete assignment of the sixteen fundamentals of the two molecules has been made with the help of the TellerRedlich product rule and a normal coordinate treatment. The calculations were carried out using the FG method of Wilson, ten symmetry force constants being required to produce a fit with a standard deviation of 0.3% from the observed fundamentals. Extension of the calculations to include the isotopic BIO molecules gave results in agreement with the data available.
INTRODUCTION

D
ESPITE the rather active chemical interest in boron hydrides and their derivatives, the amount of spectroscopic work which has been carried out on these compounds has been disproportionately small. This disparity is particularly marked if one compares the data available on vibrational frequencies, assignments, force constants, molecular parameters, and so on for the derivatives of simple hydrocarbons with the corresponding data for the various boron-hydride derivatives. Experimental difficulties caused by the high reactivities of the boron compounds are responsible to a large degree for this situation; however, if one is willing to work in condensed phases and at low temperatures, a great deal of spectroscopic information can be obtained which can yield significant values for molecular constants and provide a basis for comparisons of chemical properties.
The class of compounds containing the BHa group is of particular interest here, from the spectroscopic point of view, as yielding information about the hypothetical simple boron hydride BH a , and from the chemical point of view, as an example of complex formation through a Lewis acid-base interaction. In the present work, the Raman spectrum of a simple member of this class, BHaCO, has been obtained, a complete assignment of fundamental frequencies has been made, and a set of valence force constants has been determined which agrees with the experimental data for four isotopic combinations. It is hoped these data will serve as a basis for comparison with other molecules containing the borane group.
Only one previous spectroscopic paper on BHaCO has appeared, a paper by Cowan l reporting the infrared spectrum of the vapor. Five fundamentals reported by him agree with the values found in the present work, two he did not observe, and his assignment of the last appears incorrect. No data for the BDzCO molecule have been found.
EXPERIMENTAL
Both BHaCO and BDaCO were prepared by reaction of B2Hs or B2Ds, respectively, with CO in a sealed tube 1 R. D. Cowan, J. Chem. Phys. 18, 1101 Phys. 18, (1950 at several atmospheres pressure. After several days, the tubes were opened and the contents carefully fractionated at low temperatures on the vacuum line. After fractionation, the sample was distilled into the Raman cell which was then sealed off. To reduce thermal decomposition, the vapors were never allowed to come in contact with surfaces warmer than about -50°C during all transfer operations. The spectra obtained showed no bands attributable to diborane or CO which would be produced as decomposition products. The sample of BHaCO examined was about 1 ml in volume while the BDaCO was about 0.2 ml. During the exposures, the samples were maintained at approximately -80°C, at which temperature the decomposition occurring in the liquid is negligible. A general description of the apparatus and spectrograph has been given previously.2 Exposure times varied from ten minutes to three hours using Eastman 103a-J plates. Measurements were made with a comparator directly on the plates and on enlarged tracings made with a Leeds and Northrup microphotometer. The estimated probable error for most lines reported is approximately 1 cm-l .
EXPERIMENTAL RESULTS
The experimentally observed frequencies for BHaCO are listed in Table I, and those for BDaCO are listed in  Table II . Tracings of spectra of the two substances selected to show the fundamentals most clearly are shown in Figs. 1 and 2 . The agreement between the frequencies here reported and those found previously in the infrared of the vapor is very satisfactory, the differences at most amounting to a few cml and being well within the normal shifts in frequency observed in the transition from vapor to liquid. Several overtones and combinations were observed on some of the longer exposures on BHsCO which are not shown in the figure. No bands attributable to diborane or CO were observed in any of the spectra indicating a fairly high purity for the compounds. However, a weak band was observed at 2411 cm-l in the spectrum of the deuterated compound which indicates a small amount of hydrogen to be present. 
ASSIGNMENTS
The BHaCO molecule has Ca. symmetry which pre dicts eight fundamentals, all active in the Raman effect, which are either totally symmetric (A 1 ) or doubly degenerate (E). Previous work on boron compounds has shown that B-H stretching frequencies fall in the range between 2000 and 2600 cm-
1
• Three frequencies appear in this range in the BHaCO spectrum. Deuterium substitution affects only two, however; and, on the basis of their polarization characteristics, the band at 2380 Cln-1 is assigned as 1'1 and the band at 2434 cm-1 as 1'6. In the BDaCO spectrum, the asymmetric frequency 1'6 occurs at 1825 cm-1 but the position of 1'1 cannot be determined exactly because of Fermi resonance with the overtone of the fundamental at 860 cm-1 • The two members of the Fermi doublet occur at 1678 and 1749 crn 1 • The latter is assigned as the overtone and the former to the fundamental on the basis of the BlO satellite appearing on the high-frequency side of 1749 at 1777 cm-1 • Comparison of the intensities of the two bands indicates that the coincidence between the overtone and the fundamental is very close and consequently the unperturbed value of 1'1 probably is not far from 1700 cm-1 on the high-frequency side. 1'1 was not observed in the infrared spectrum of the hydrogen compound I but its predicted value agrees with that given above. The third band in the 2000 cm-I region is immediately identified as the c-o stretch, both from its nearness to the carbon monoxide frequency at 2143 cm-I and from the fact that deuterium substitution does not shift its position. The assignment of the band is further confirmed by its polarization characteristics.
The situation with regard to the B-H bending modes is somewhat more complicated. In the hydrogen compound, a triplet is observed in the 1100 cm-I region with maxima at 1073, 1101, and 1133 cm-I, the first being the most intense and probably polarized. In the BDaCO spectrum, two bands of approximately equal intensity appear at 808 and 860 cm-I, the latter having a weak satellite on its high-frequency side at 881 cm-I . Since polarization measurements were not made on the deuterated spectrum, the product rule plus the results of the normal coordinate treatment were necessary to arrive at a satisfactory assignment. Fortunately, the dimensions and moments of inertia of the four possible isotopic molecules of Ca. symmetry, BllHaCO, BllDaCO, BlOHaCO, BIODaCO, have been determined from microwave results 3 so that the theoretical product ratios can be calculated with no assumptions. The closest agreement with the theoretical values is obtained by assigning I'a to the 1073 cm-I and 1'6 to the 1101 cm-I band in the hydrogen compounds and I'a to the 860 cm-I and 1'6 to the 808 cm-I bands of the deuterium species. Confirmation for the interchange in the relative position of the two bands in the deuterium case comes from the normal coordinate calculation of the BIO shift. For the A I frequency of the deuterated molecule, the calculated shift is 22 cm-I, while for the E frequency it is only 5 cm-I, a separation that would not be resolved by the equipment used. The presence of a weak satellite 21 cm-1 higher than 860 cm-I is therefore accepted as additional evidence that the higher band is the A I frequency, the satellite being assigned as 1'3 of the BIO isotopic species. In the hydrogen compound, the BIO isotope shifts are calculated to be + 12 and +4 cm-l respectively for I'a and 1'6. Since the observed spacings between the members of the observed triplet are 28 and 32 cm-I, it appears that neither can easily be assigned to the BIO species. However, the combination of the two E modes at 816 and 317 cm-l has a calculated value of 1133 crn l and the correct symmetry to resonate with an E fundamental and borrow sufficient intensity to appear as a weak band. The band at 1101 cm-1 accordingly is assigned as 1'6. Cowan, in his infrared work,! assigned 1'6 to a band at 1392 cm-1 • No band at this position was observed in the Raman spectrum, and it appears that the infrared band most likely is 1'3+ 1'8 which, from the Raman data, is calculated at 1390 cm-I . He assigned 1'3 to a band at 1105 cm-I but comments that this band had some peculiar features which now appear explained.
The remaining fundamentals may all be classed as skeletal modes. The only polarized, fairly intense band left occurs at 692 em-I in the BHaCO spectrum and shifts to 619 cm-I upon deuteration. This is assigned to 1'4 in agreement with the infrared results. A satellite was observed at 705 cm-I in the more intense exposures on the hydrogen compound and, on the basis of a calculated shift of + 16 cm-1 from the force constant treatment is . ' assIgned to v. of BlOHaCO. The corresponding shift in the deuterated molecule is calculated to be only 5 cm-I and accounts for the failure to observe a satellite to the 619 cm-I band. The two fundamentals 1'7 and V8 can be considered as bending motions of the axial chain of atoms. The second, Vs, the B-C-O deformation, is to be expected at a rather low frequency in view of the masses of the atoms involved. It consequently is assigned to the moderately intense depolarized band at 317 em-I in the BHaCO spectrum. This fundamental was not observed in the infrared work, but its position was predicted quite accurately. In the deuterated spectrum it appears at 264 cm-I •
The last fundamental, V7, which is most simply described as a BHa rock, is assigned to 816 cm-1 partly by a process of elimination and partly from the infrared evidence. The corresponding band at 706 cm-l in the deuterated compound is rather weak, but the correctness of the assignment is substantiated by the product rule calculations (Table V) .
NORMAL COORDINATE TREATMENT
Cowan l carried out a normal coordinate treatment of the BHaCO molecule based on the results of his infrared study and obtained a set of force constants which produced reasonably satisfactory agreement with his assignments. However, in view of the incorrect assignment for V6 and of the fact that data on the deuterated molecule were not available, it would appear that a better approximation can now be obtained. Since his equations did not include interaction force constants, the molecule was reanalyzed using the FG method of Wilson and the following symmetry coordinates:
Al species:
Ss= 2-l(Llr2-drs) In terms of the molecule parameters, T refers to the C-O bond, R to the B-C bond, ri to the ith B-H bond, aij to the H-B-H angle between r,and rj, 13, to the ith H-B-C angle and o~ to the B-C-O anO'le. The equilibrium values for these parameters taken f.:'om the microwave works are as follows: T= 1.131 A, R= 1.540 A, r= 1.194A,a= 113°52',13= 104°37',0=180°.
The elements of the inverse kinetic energy (G) matrix were evaluated from the tables of Decius 4 and the note by Ferigle and Meister. s As a check on the correctness of the equations, the force constants of Cowan were substituted into the secular equation and the roots were found to agree with his calculated values. The present calculations were carried out in terms of the symmetry force constants, F i and F ij, where the single index indicates principal force constants and the double inter-. ' actIOn constants. It was found that the calculated frequencies were rather insensitive to most of the possible interaction force constants but were quite sensitive to two. It was not necessary to give values to any of the insensitive constants to obtain a satisfactory fit, and the potential energy, therefore, is given ade- This reproduces the sixteen frequencies of the BllHaCO and BllD 3 CO molecules with a standard deviation from the observed values of 0.3% which undoubtably is less than the error introduced by the harmonic approximation. Since there are four product rule relations among the sixteen fundamental frequencies, twelve independent data exist, and the problem is slightly overdetermined. By inspection of the potential function, it will be seen that the F matrices are nearly diagonal, only one offdiagonal element appearing in each symmetry block. The off-diagonal element in the Al block is F24linking the symmetrical bending coordinate and the B-C stretching coordinate, while the off-diagonal element of the E block, F6B, links the BHa rocking coordinate with the B-C-O deformation. In both cases, the two lowest frequencies in the respective symmetry classes are involved, and considerable mixing of the two motions is indicated. The valence force potential constants are related to the symmetry force constants through the elements of the F matrix and are obtained by solving a set of simultaneous equations. By including the redundant coordinate, So, in the transformation from internal to symmetry coordinates and equating the resulting elements of the F matrix to zero, sufficient relationships are obtained to enable all combinations of the valence force constants to be resolved. The values obtained in this way together with those of the symmetry force constants are listed in Table III . The calculated values of the fundamentals are compared with those observed in Table IV . Since two frequencies attributed to BtO molecules were observed, the calculations were extended to include both boron isotopic species. The calculated values for the BlO molecular frequencies are given in Table IV in the form of the shifts in frequency from the calculated values of the corresponding Bll frequencies. As an additional check on the calculations, the Bll/BI0 product rule ratios were calculated using a set of BlO frequencies obtained by adding the calculated isotope shifts to the experimentally observed Bll frequencies. The agreement as shown by the numerical values in Table V is quite satisfactory.
Comparisons of force constants from different molecules are not always as meaningful as one would like because published values inevitably depend on such factors as the type of potential function used and the number of interaction constants retained, the closeness of fit secured, the magnitude of the anharmonicity errors, and so on. Bond stretching force constants are the least affected by such variations and when derived by the usual valency force field can be used qualitatively in the same fashion as bond energies and bond lengths to give an indication of the electron density concentrated in a given bond. In the carbon monoxide borane molecule, one of the interesting observations is the small effect which the presence of the borane group has on the c-o bond. The force constant of the C-O bond in carbon monoxide gas calculated from the observed infrared frequency of 2143 cm-1 is 18.5 md/ A. This is decreased only to 17.98 md/ A in BHaCO, whereas in nickel carbonyl the C-O force constant is 15.9 md/As and in carbon dioxide it is 15.5 md/ A. This small change is consistent with the small (ca 0.001 A) increase in CO bond length and with the chemical instability of the molecule. However, the adjacent B-C bond is not as weak a bond as one might expect from this, its force constant of 2.79 md/ A being only slightly less than the value 2.9 md/ A predicted by Badger's rule. Unfortunately, there appear to be no other data available on B-C bond constants for further comparisons. However, the calculated value for BHaCO does not seem entirely consistent with the rather large amount of no-bond character which has been proposed a for this bond. The two molecules, perhaps, with which it would be of most interest to compare B-H stretching force constants are diborane and the borohydride ion. A value of 3.42 md/ A has been used in a normal coordinate treatment of diborane 7 ; however, this figure was transferred unaltered from an earlier treatment of borazine,8 and it is of doubtful significance to do more than note that it is of the same magnitude as the value found in the present work. The value of 3.16 md/ A found for BHaCO, however, appears to be significantly greater than the value 2.75 md/ A for the B -H stretching constant in the borohydride ion.
9 This difference can be interpreted as indicating that the electronic configuration around the boron atom is somewhere intermediate between the trigonal Sp2 hybridization expected for the hypothetical free BHa molecule and the tetrahedral Sp3 hybridization in the borohydride ion and as indicating that the lone pair of electrons on the carbon atom have not been utilized fully in forming the boron-carbon bond. The same conclusion, of course, can be drawn from the larger than tetrahedral angle (113°) in BHaCO.
Finally, it may be pointed out that the experimental product rule ratios for the hydrogen-deuterium substitution listed in Table V are greater than the theoretical values, even though the differences are not large. Exact agreement, of course, is not to be expected since the observed rather than harmonic values have been used in calculating the ratios. However, the normal effect of anharmonicity is to cause the experimental ratios calculated in this way to be less than the theoretical. lO In view of the weight of other evidence and of the fact that all experimental ratios are greater than the theoretical, it does not seem probable that there is an error in the assignments. The difference, therefore, may also reflect the specific electronic structure of the molecule or the BHa group and, if so, should be found in other molecules containing the borane group.
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